Ribonuclease-sensitive DNA synthesis is demonstrated in a cytoplasmic particulate fraction of normal human blood lymphocytes stimulated with phytohemagglutinin, but not in unstimulated lymphocytes.
DNA polymerase purified from this fraction does not transcribe the heteropolymeric regions of 70S RNA from RNA tumor viruses, thus distinguishing this enzyme from the RNA-directed DNA polymerase (reverse transcriptase) found in oncogenic RNA viruses and human leukemic cells.
After the discovery of RNA-directed DNA polymerase (reverse transcriptase) in RNA tumor viruses (1-3), we undertook a search in both normal and neoplastic cells for this or a similar enzyme (4-6). Temin and others have suggested that RNA-instructed DNA synthesis may play a role in normal cellular differentiation, gene amplification, and in the secondary immune response (3, (5) (6) (7) (8) (9) . The possible location of RNAdirected DNA polymerase in the cytoplasm of cells as either a viral or subviral particle, associated with an RNA template/primer, prompted a search for RNase-sensitive DNA synthesis directed by endogenous template/primers in highspeed, partially-purified "pellet" fractions from cytoplasms of mammalian cells (10, 11) . Coffin and Temin (10) described such an endogenous RNase-sensitive DNA polymerase reaction in the high-speed cytoplasmic "pellet" of both virusinfected and uninfected rat tissue-culture cells. Ackermann et al. (11) described a similar reaction in a continuous cell line established from leukocytes of a patient with leukemia, but this cell line was thought to contain type-C viruses. Recently, RNase-sensitive DNA synthesis has been found in cytoplasmic fractions of fresh cells, including normal chick-embryo cells (12) and human leukemic blood leukocytes (13, 14) .
Recently, reports have appeared showing that RNA may be a primer for DNA-directed DNA synthesis in bacterial (15, 16) and mammalian (17, 18) systems. Therefore, sensitivity of DNA synthesis to RNase in a complex system such as these cytoplasmic "pellets" (10) (11) (12) (13) (14) could be due to RNAprimed in contrast to RNA-directed DNA synthesis. One way to distinguish between a template and a primer role for RNA is to purify the DNA polymerase(s) from these "pellets" Abbreviation: PHA, phytohemagglutinin. Purification of the Pellet Enzyme. Fractions containing the peak of the endogenous, RNase-sensitive, DNA polymerase activity from the glycerol gradient (Fig. 1A) were pooled, brought to a final concentration of 0.5 M NaCl-0.5% Triton X-100, and stirred overnight at 0°. After centrifugation at 100,000 X g for 1 hr, the supernatant was diluted with an equal volume of 50 mM Tris*HCl (pH 7.8), 1 mM EDTA, 1 mM dithiothreitol, and 20% glycerol (buffer A). This solubilized extract was loaded onto a column of DEAE-cellulose, and batches were washed with buffer A-0.3 M NaCl. The peak of protein obtained was dialyzed for $ hr against buffer A. The dialysate (DEAE batch, see Table 1 ) was absorbed on a phosphocellulose column equilibrated with buffer A. The column was washed with one column volume of 0.1 M NaCl in buffer A, and a linear gradient of NaCl extending from 0.1 to 0.7 M was attached. Fractions were collected and assayed for DNA polymerase activity with activated salmon-sperm DNA and poly(dA-dT) as template/ primers. Fractions containing the major peak of activity (eluting at a concentration of 0.35 M NaCl) were pooled and dialyzed against buffer A. The phosphocellulose eluate was then concentrated on a small phosphocellulose column, and layered on a column of Sephadex G-200. The major peak of activity eluted near the void volume; active fractions were pooled and stored in 50% glycerol at -20°.
Enzyme purification and reactions with the partially puri- 
C2S0O4 Equilibrium Density-Gradient Centrifugation of
Endogenous Reaction Product. Standard reaction mixtures as described above (without RNase) were scaled up to 1 ml and incubated at 370 for 3, 10, and 30 min. The reaction products were extracted, purified, and analyzed on CS2SO4 density gradients (14) . RESULTS Ribonuclease-sensitive endogenous DNA polymerase Fig. 1A shows the results of isopycnic centrifugation in a glycerol gradient of the cytoplasmic particulate fraction from PHA-stimulated lymphocytes. A fraction that bands at a density of 1.095 g/ml contains an endogenous DNA polymerase activity, and this activity is reduced by 80% after prior incubation with RNase (20 ,ug/ml). Under the conditions used (0.2 M NaCl, pH 7.8), RNase should degrade only single-stranded RNA or short oligoribonucleotides hydrogenbonded to DNA. In normal blood lymphocytes, not stimulated by PHA, we found no DNA polymerase activity in the cytoplasmic particulate fraction. (4, (20) (21) (22) (23) Fig. 2A and B. High concentrations of actinomycin D inhibit DNA-directed DNA synthesis, while N-deinethylrifampicin (at high concentrations) inhibits the endogenous DNA polymerase reaction of oncornaviruses (25) . With high concentrations of actinomycin D, the endogenous DNA polymerase reaction of the lymphocyte "pellet" was inhibited by more than 85% (Fig.  2B) phase of the endogenous polymerase reaction of RNA tumor viruses (26) . At concentrations of N-demethylrifampicin sufficient to inhibit crude preparations of RNA-directed DNA polymerase (25, 27) or RNA-dependent reactions catalyzed by a DNA polymerase from leukemic cells (5), there was no inhibition of the endogenous, RNase-sensitive DNA synthesis of the "pellet" fraction of normal lymphocytes ( Fig. 2A) .
Nature of the product from endogenous reaction
Analysis of the endogenous-reaction products in density gradients of Cs2SO4 is shown in Fig. 3 . The density distribution of the product of 3-, 10-, and 30-min incubations from an endogenous reaction (previously shown to be sensitive to RNase) shows that all the radioactivity bands in the DNA region; no material bands at the density of RNA-DNA hybrids at any time point. The absence of RNA-DNA hybrid structures supports the notion that these reactions are not RNA-directed.
It is possible that RNA-DNA hybrids may be formed and subsequently destroyed by RNase activity in the "pellet" fraction from these lymphocytes. Indeed, in one of eight experiments, a small peak of radioactivity was observed at the density of RNA in Cs2SO4 density gradients. Consequently, we tested the stability of such hybrids when mixed with the lymphocyte "pellet" fraction: (a) Avian myeloblastosis virus was incubated in a standard DNA polymerase reaction mixture alone or mixed with the lymphocyte "pellet" fraction. both purified from avian myeloblastosis virus, were incubated (30 min at 370) alone or with the lymphocyte "pellet" fraction. Nucleic acids were then purified and analyzed on CS2SO4 gradients. Partial degradation of RNA-DNA hybrid was observed after incubation with the lymphocyte "pellet" fraction; 50% of the nucleic acids recovered still banded at hybrid density or greater (p > 1.55). Thus, RNA-DNA hybrids may possibly be formed, and then degraded, during short periods of endogenous DNA synthesis in the lymphocyte "pellet" fraction.
Purification of the pellet enzyme Glycerol-gradient fractions possessing endogenous, RNasesensitive DNA-polymerase activity were taken as the source for enzyme, rather than the crude cytoplasmic "pellet," because the isopycnic centrifugation separated soluble, and possibly irrelevant, DNA polymerases from the fraction of interest ( Table 1) . The "pellet" DNA polymerase was purified as described in Methods. Response to DNA and DNA-RNA Hybrid Templates. Table  2 lists enzyme activity in the presence of magnesium with several natural and synthetic DNA and RNA-DNA hybrid template/primers. (dA), n dTjo gives the maximal activity.
The "pellet" DNA polymerase has relativity low activity with activated DNA. The ratio of activity with (dA),n, dTio (the preferred template/primer) to (A),.dT,2_-8 has ranged between 5 to 1 and 20 to 1.
In contrast, a DNA polymerase purified from a "pellet" fraction of human leukemic lymphoblasts (13, 14) has greater activity with (A)n. dT,2,-.8 than with (dA),n dTjo in the presence of magnesium. Further, the normal lymphocyte "pellet" DNA polymerase does not transcribe (C),dG12, which is an effective template/primer for both viral RNAdirected DNA polymerase (20) and for the leukemic "pellet" DNA polymerase (13, 14) .
Response to 70S RNA. In the absence of oligodeoxythymidylate' (dT12-18), 70S RNA from avian myeloblastosis virus gives a barely detectable reaction when the radioactive precursor of the highest available specific activity is used; this reaction is insensitive to RNase. If 70S RNA from avian myeloblastosis virus is used as template in the presence of dT12-18, DNA synthesis is stimulated at -least 20-fold when
[8H]TTP is used as precursor (Table 2) . However, the product of this primer-stimulated reaction is not heteropolymeric, as shown by the lack of incorporation of dCTP (Table 2) . In contrast, the DNA polymerase from a cytoplasmic particulate fraction from human leukemic lymphoblasts transcribes the heteropolymeric regions of 70S RNA from avian myeloblastosis virus, both in the presence and absence of dT,2,-8 (13, 14) . Failure of the "pellet" DNA polymerase from normal lymphocytes to transcribe heteropolymeric regions of 70S RNA clearly distinguishes this enzyme from both the leukemic "pellet" DNA polymerase and from RNA-directed DNA polymerase of RNA tumor viruses.
Template Characteristics in the Presence of Manganese. The relative rates of DNA synthesis directed by (dA),. dTo and (A), n dT,,-18 have been shown to distinguish normal cellular DNA polymerases from viral RNA-directed DNA polymerase (4, (20) (21) (22) (23) . Activities with these template/primers were generally measured in the presence of magnesium (20) (21) (22) (23) . Comparative Properties of DNA Polymerases from Normal Lymphocytes. We describe elsewhere two DNA polymerases, termed DNA polymerase I and II, purified from normal human lymphocytes (24) . The relative activities of these two enzymes and the "pellet" DNA polymerase with several template/primers differ. Maximal DNA synthesis with DNA polymerase I is obtained with activated salmon-sperm DNA and Mg++, while maximal synthesis catalyzed by polymerase II is obtained with (dA),,. dT1o and Mn++ (24) . In contrast, maximal synthesis with the "pellet" DNA polymerase is seen with (dA),, dTlo and Mg++. N-ethylmaleimide (0.1 mM) inhibits activity (assayed with activated DNA) of lymphocyte DNA polymerase I and II by 99 and 12%, respectively. The lymphocyte "pellet" DNA polymerase assayed at about the same protein concentration and with the same template/ primer, is intermediate in sensitivity to this compound (55% inhibition). The "pellet" DNA polymerase elutes differently on phosphocellulose from the two other DNA polymerases. (24) .
Although this evidence suggests that the "pellet" DNA polymerase may be distinct from the other two cellular DNA polymerases, further information is required to establish this point conclusively.
DISCUSSION
The DNA polymerase reaction present in the cytoplasmic "pellet" has several characteristics: (a) The endogenous reaction is sensitive to RNase; (b) equilibrium density-gradient centrifugation of the product of the endogenous reaction fails to consistently demonstrate RNA-DNA hybrids; (c) when purified, the DNA polymerase from this fraction has all of the properties of a DNA-directed DNA polymerase. For example, this enzyme prefers (dA)X, dTjo to (A)f dT12-,8 as template/ primer, does not transcribe the heteropolymeric regions of viral 70S RNA, and will not accept (C)QdG12 as template/ primer.
There are two interpretations of these data: (a) The endogenous DNA synthesis in the "pellet" may be directed by RNA, and the failure to find RNA-DNA hybrids among the products is due to the presence of RNase in the "pellet" that destroys the RNA in such a hybrid (28) . The purified "pellet" DNA polymerase may require a specific endogenous RNA present in the pellet. However, template/primer specificity of this nature is not characteristic of either RNA-directed DNA polymerase of RNA tumor viruses (29) or of human. leukemic cells (13, 14) . If this interpretation were correct, our data could be taken as support for Temin's protovirus theory (3). (b) Another interpretation is that the RNA in the "pellet" acts as a primer molecule for DNA-directed DNA synthesis.
[About 6% of the nucleic acids in the "pellet" bands at the density of DNA (p < 1.50) in Cs2SO4 density gradients.] RNase, by destroying an RNA primer, may inhibit the DNAdirected reaction. We cannot exclude either of these interpretations with the available data.
There is a remarkable similarity in the characteristics of DNA-synthesizing cytoplasmic particulate fractions in our system (PHA-stimulated blood lymphocytes from normal human adults) and in normal, "virus-free" chicken embryos, described by Kang and Temin (12) . These systems are not the same as the RNA-directed DNA polymerase of RNA tumor viruses, a point emphasized by Kang and Temin as well (12) , or the RNA-directed DNA polymerase of human leukemic cells (13, 14) . Further experiments are required to clarify the mechanism of RNase-sensitive DNA synthesis in these normal cytoplasmic systems.
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